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The Intercalibration of Geostationary Visible Imagers
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Abstract—Spectral band differences between sensors can com-
plicate the process of intercalibration of a visible sensor against
a reference sensor. This can be best addressed by using a hy-
perspectral reference sensor whenever possible because they can
be used to accurately mitigate the band differences. This pa-
per demonstrates the feasibility of using operational Scanning
Imaging Absorption Spectrometer for Atmospheric Cartography
(SCIAMACHY) large-footprint hyperspectral radiances to cal-
ibrate geostationary Earth-observing (GEO) sensors. Near si-
multaneous nadir overpass measurements were used to compare
the temporal calibration of SCIAMACHY with Aqua Moderate
Resolution Imaging Spectroradiometer band radiances, which
were found to be consistent to within 0.44% over seven years.
An operational SCTAMACHY/GEO ray-matching technique was
presented, along with enhancements to improve radiance pair
sampling. These enhancements did not bias the underlying inter-
calibration and provided enough sampling to allow up to monthly
monitoring of the GEO sensor degradation. The results of the
SCIAMACHY/GEO intercalibration were compared with other
operational four-year Meteosat-9 0.65-pm calibration coefficients
and were found to be within 1% of the gain, and more importantly,
it had one of the lowest temporal standard errors of all the
methods. This is more than likely that the GEO spectral response
function could be directly applied to the SCIAMACHY radiances,
whereas the other operational methods inferred a spectral cor-
rection factor. This method allows the validation of the spectral
corrections required by other methods.

Index Terms—Geostationary visible imager calibration,
Scanning Imaging Absorption Spectrometer for Atmospheric
Cartography (SCIAMACHY), spectral band adjustment factor
(SBAF).
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I. INTRODUCTION

HE goal of the Global Space-Based Inter-Calibration Sys-

tem (GSICS) is to provide consistent calibration coef-
ficients across space-based sensors, which are based on best
practices that are tied to an absolute calibration reference to pro-
vide climate-quality observations [1]. The GSICS effort utilizes
either Infrared Atmospheric Sounding Interferometer (IASI) or
Atmospheric Infrared Sounder (AIRS) hyperspectral radiances
as the calibration reference to calibrate geostationary infrared
(IR) imagers (henceforth, geostationary Earth-observing sen-
sors will be abbreviated as GEO). These instruments are used
because the hyperspectral radiances are well calibrated and can
easily account for spectral response function (SRF) differences
[2]-[4]. The difference in calibration between IASI and AIRS
is less than 0.1 K across the GEO IR bands [4], suggesting
that both are well calibrated and can be used as calibration
standards.

To date, no such hyperspectral instrument has been used
directly as a GEO visible calibration reference. The calibration
of a contemporary well-calibrated visible sensor, such as the
MODerate resolution Imaging Spectroradiometer (MODIS),
can be transferred to a GEO, which has no onboard calibra-
tion, by using bore-sighted, or ray-matched, radiances [5].
However, this calibration approach requires a spectral band
adjustment factor (SBAF) to account for the sensor SRF dif-
ferences. Using hyperspectral Hyperion visible radiances with
a 10-nm spectral resolution, Chander et al. [6] determined that
the SBAF differed by ~5% between the comparable Landsat-7
enhanced thematic mapper and MODIS 0.65-um bands. Using
Scanning Imaging Absorption Spectrometer for Atmospheric
Cartography (SCIAMACHY) spectral data in a simulation,
Doelling et al. [7] found an ocean—land calibration difference
of 4.5% between the MODIS and Geostationary Operational
Environmental Satellite (GOES-12) visible channels if the sen-
sor spectral bands were not properly taken into account.

Current and historical visible hyperspectral trace-gas moni-
toring instruments have been of limited use to the calibration
community owing to their limited spectral bandwidth and poor
spatial resolution. The Backscattered Ultraviolet (BUV), So-
lar BUV, and Total Ozone Mapping Spectrometer and Ozone
Monitoring Instrument instruments have been flown on the
Nimbus, National Atmospheric and Oceanic Administration,
and Aura satellites since 1970 but are limited spectrally to
wavelengths shorter than 0.5 pum. To increase the number
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of trace gases that could be measured, the Global Ozone
Monitoring Experiment (GOME) was launched in April 1995
on board the European Remote Sensing-2 spacecraft. The
GOME 40 x 320 km footprint has a swath width of 960 km
and a spectral resolution of 0.2-0.4 nm between 0.24 and
0.79 pum and was calibrated using a solar diffuser [9]. The
advanced GOME-2 instrument on board the MetOp-A satellite,
operational since 2006, has a reduced footprint size of 80 x
40 km and a swath width of 1920 km, with the same spec-
tral range as that of GOME. The SCIAMACHY flies aboard
the ENVIronmental SATellite (ENVISAT), launched in 2002.
SCIAMACHY operates in the wavelength range from 0.214
to 2.386 pm, with a spectral resolution from 0.22 to 1.48 pum
depending on the instrument channel. SCIAMACHY has a
nominal nadir footprint of 30 km (along track) x 60 km
(across track) with a full swath of 960 km. However, the
across-track sampling depends on the selected spectral cluster
(channel) [10]-[12].

The land-observing community has developed many hyper-
spectral instruments designed for geology and land-use science.
These instruments have very high spatial resolution, usually in
meters, with limited temporal and spatial coverage. For exam-
ple, the United States Geological Survey Hyperion sensor on
board the Earth Observing satellite samples a 7.5 x 100 km im-
age at 30 m with a 10-nm spectral resolution between 400 and
2500 nm. However, it does not scan continuously, and the
imagery must be ordered in advance, thereby severely limiting
its use as a calibration reference sensor.

The future Climate Absolute Radiance and Refractivity
Observatory (CLARREO) mission goal is to provide climate-
benchmarking measurements, with a focus on improving in-
strument calibration accuracy [8]. It will also provide highly
accurate hyperspectral visible and IR radiances for intercal-
ibration, thus allowing contemporary sensors to provide the
science community climate-quality observations. It is expected
that GSICS will use the CLARREO reflective solar (RS) hyper-
spectral sensor to accomplish its calibration goals. CLARREO
RS will have a high spatial resolution of 0.5 x 0.5 km with a
swath of 100 km (nadir). For calibration and intercalibration
purposes, CLARREO will be required to be capable of 2-D
pointing (with gimbal or spacecraft). The spectral resolution
will be moderate, at about 4 nm and with a spectral range from
0.32t0 2.3 um.

The objective of this study is to determine whether it is
feasible to directly calibrate a GEO sensor with a contemporary
hyperspectral visible instrument in its current operational scan
mode. This study will benefit the GSICS and CLARREO
visible calibration communities as well as other satellite imager
calibration efforts. In the event that a well-calibrated hyper-
spectral instrument is launched, the methodology of hyperspec-
tral intercalibration will have been established. Although the
GOME-2 could serve as a reasonable candidate, the SCIA-
MACHY instrument has been chosen for this study because it
has the greatest spectral range and most closely resembles the
characteristics of the future CLARREO instrument.

This paper is outlined as follows. The first step is to ver-
ify the calibration accuracy of SCIAMACHY. The GSICS
community has recommended that Aqua MODIS be used
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as the calibration reference until superseded by a superiorly
calibrated instrument. Aqua MODIS is temporally more sta-
ble than Terra MODIS and is also a better characterized
instrument [13]. Section II will compare the calibration of
SCIAMACHY to Aqua-MODIS 0.65-pm channel using nearly
simultaneous nadir overpass (SNO) (NSNO) measurements.
Section III describes three SCIAMACHY/GEO ray-matching
radiance pair intercalibration techniques designed to transfer
the SCIAMACHY calibration to the GEO visible channels.
The precise ray-match technique defines a narrow ray-matching
cone to reduce the impact of angular mismatches. The ap-
proximate ray-match technique broadens the ray-matching cone
and, when compared with the precise technique, is shown to
not introduce any biases in the SCIAMACHY/GEO regression,
yet it increases the number of radiance pairs. A method of
using limited SCTAMACHY spectra with spatial resolution at
nadir of 30 x 60 km is described. This approach allows the
significant increase in matched data sampling. Section IV val-
idates the SCIAMACHY/GEO intercalibration. An operational
SCIAMACHY/GEOQO intercalibration method is presented and
is compared with other conventional operational methods, such
as deserts, deep convective clouds (DCC), and Terra- and Aqua-
MODIS/GEOQO ray matching. Section V contains the conclusions
of this paper.

The ray-matching technique [5] transfers the calibration of
the reference sensor to the target sensor using reference and
target coincident radiance pairs that are bore sighted, where
the viewing and solar geometry is very close. These radiance
pairs are then linearly regressed to derive the target calibration
coefficients based on the reference sensor calibration, where
a SBAF has been applied to the reference sensor radiances
as if it had the SRF of the target sensor. The SBAFs used in
this study were computed from hyperspectral SCTAMACHY
radiances convolved with both the reference and the target
sensor SRF to derive pseudoreference and target radiance pairs
over the intercalibration or invariant Earth target domain. This
allows for spectral modeling of the target radiance as a function
of the reference radiance. The ray-matching intercalibration
approach relies on the calibration accuracy and stability of
the reference sensor and is referred to as an intercalibration
approach to differentiate the calibration based on the satellite
instrument or an invariant target. The reference/target (satellite)
intercalibration convention is used in this paper.

II. SCIAMACHY/AQuaAa-MODIS NSNO
CALIBRATION COMPARISON

SCIAMACHY is on board the ENVISAT, which was
launched in March 2002 into a 10:00 local equator crossing
time (LECT) sun-synchronous orbit maintained at an 800-km
altitude with a 35-day orbit repeat cycle. We used the SCIA-
MACHY Level-1B data product (SCI_NL_1P, version 7.03)
[14] to obtain spectral radiances from 0.24 to 1.75 pm. For this
purpose, we have processed the Level-1B data produced with
the European Space Agency (ESA)-distributed data calibrator
and extracted SCIAMACHY measurements from channels 1
to 6 (all-cal switch) and daily measured (DO) solar irradiance.
With these data processing options, the instrument spatial
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Fig. 1. TIllustration of ENVISAT and Aqua ground tracks and accompanying
SCIAMACHY footprint centers. The NSNO SCIAMACHY footprint identified
with this method is shaded in cyan. The gray lines show the cross-track
orientation of the SCTAMACHY footprint and Aqua-MODIS pixels.

sampling consists of four contiguous footprints with the size
of about 30 x 240 km (nadir). The absolute error estimated for
spectral reflectance varies from 2% (channel 4, 595 to 812 nm)
to 6% (channel 6, 785 to 1050 nm) [14]. The SCIAMACHY
instrument alternates between nadir and limb scan modes every
7 min in order to evenly sample the same atmosphere from both
perspectives. Only the nadir scan is utilized in this study. A
solar diffuser provides the temporal calibration stability.

The Aqua-MODIS Collection 5 Level 1b Band 1 (0.65 pm)
pixel-level radiances, with a nominal resolution of 1 km, were
subsampled at 2 km by utilizing every other line and element.
The Aqua-MODIS Band 1 ground-to-orbit absolute calibration
accuracy in reflectance is ~2% [15], and the temporal calibra-
tion relies on the solar diffuser, which is estimated to be stable
within 0.5% per decade [13]. Aqua was launched on May 4,
2002 into a 13:30 LECT sun-synchronous orbit at an altitude of
705 km with a 16-day orbit repeat cycle.

Aqua and ENVISAT ground track intersects were predicted
from the two-line North American Aerospace Defense ele-
ments, which are updated daily. The ground track intersects oc-
cur 14 times daily at 71°N latitude at 11:45 local time, thereby
assuring near symmetric solar conditions. Because none of
the SCTAMACHY nadir footprints straddle the ground track,
exact SNOs are not possible with MODIS. The SCTAMACHY
footprint is oriented with the major axis (240 km) along the
cross track and the minor axis (30 km) along the ground track,
with two footprints on either sides of the ground track as shown
in Fig. 1. Furthermore, the SCIAMACHY and MODIS cross-
track orientations are not parallel. The SCIAMACHY footprint
width of 240 km constitutes a range of MODIS pixel-level
viewing angles between 0° and 15°. To take advantage of
the solar symmetry along the longitude of the ground track
intersect, ensuring azimuthal matches, the SCTAMACHY foot-
print would be optimally bordered between the ground tracks
either north or south of the intersect. The southern location was
chosen because it has a lower solar zenith angle (SZA) and a
better signal-to-noise ratio and there were sufficient samples
without including the northern location. Given that the foot-
prints used in this comparison are not exactly at nadir, they are
referred to as NSNOs. The mean viewing zenith angle (VZA)
for SCIAMACHY and MODIS is 7.5° and 9.8°, respectively.
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Fig. 2. July 2010 regression scatter plot of the convolved SCIAMACHY
radiances (with the MODIS 0.65-um SRF) against the mean Aqua-MODIS
radiance of all pixels contained within the SCTAMACHY footprint. Both the
(blue line) linear regression and (red line) force fit are shown, although they are
nearly identical. The dotted line represents the diagonal.
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Fig. 3. Monthly Aqua-MODIS-to-SCIAMACHY correction factors from

2003 to 2010 shown in red dots. The monthly standard errors are shown as blue
crosses about the means. The black line represents the linear temporal trend.
The green line represents the eight-year mean SCIAMACHY/Aqua-MODIS
band 1 radiance ratio of 0.9844.

Usually, ~100 NSNO footprints are captured monthly. The
number of available Earth view footprints is limited due to the
SCIAMACHY limb/nadir duty cycle. To maintain a significant
signal-to-noise ratio, only footprints with a SZA less than 70°
were used, thus limiting the comparison seasonally from April
to September.

All ~1300 MODIS 2-km pixel-level radiances that were lo-
cated within the domain of the designated SCTAMACHY foot-
print were averaged and regressed on a monthly basis against
the associated SCTAMACHY radiance convolved with the
MODIS 0.65-pm SRF. The mean MODIS radiance was normal-
ized to the SZA of the SCTAMACHY footprint. A force-fit re-
gression through the origin is performed to acquire the monthly
correction factor. The force fit assumes that the space offset is
performed more frequently than the solar look and is accurately
known for each instrument. Fig. 2 displays the July 2010 scatter
plot. The standard error of the matched SCIAMACHY/MODIS
radiance pairs was 2.8%, and the resulting SCTAMACHY/
MODIS correction factor is 0.988, thus indicating that
SCIAMACHY is biased 1.2% darker than MODIS. This
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Tlustration of the (blue x) four locations used to match SCIAMACHY 240 km by 30 km footprint centers. The ENVISAT ground track is the nearly

vertical line. The four SCTAMACHY cross-track footprints are shown in red. The purple footprint is SCTAMACHY/GEO ray-matched footprint. (Green circle)
Meteosat-9 subsatellite point. The inner (outer) circle demarcates the 7.5° (25°) view angle.

difference is well within the 0.65-pm-band uncertainty of 2%
absolute calibration accuracy of both instruments [14], [15].
Fig. 3 displays the monthly correction factors from April
2003 to September 2010. The standard deviation of the 48
monthly factors is 0.44%, with an average correction of 0.9844.
The individual monthly standard errors are also shown and
reveal an increase in the standard error between April and
September. This is likely due to the loss of dynamic range
resulting from decreasing bright snow coverage across the 70°
latitude zone during the summer months. The relative calibra-
tion trend was 0.2% between SCTAMACHY and Aqua MODIS.
This analysis was also performed using reflectances rather than
radiances, and the reflectance monthly standard deviation was
0.89%, a factor of two greater than using radiances. There is
a known issue for the SCI_NL_1P product, version 7.03 (ESA
announcement in December 2011). Some data were processed
with incorrect solar irradiance measurements. The high stability
implies that the SCIAMACHY radiance calibration is compa-

rable to the Aqua-MODIS radiance calibration and can be used
as a reference to calibrate other operational visible imagers. All
GEQ calibrations used in this study also use the Aqua-MODIS
radiance calibration as a reference.

III. SCIAMACHY/GEO RAY-MATCH INTERCALIBRATION
A. Precise Ray Matching

The four cross-track SCTAMACHY footprints allow only
four collocations (blue x’s in Fig. 4) over the GEO domain
where ray matching, or bore sighting, is possible. Fig. 4 illus-
trates the orientation of the SCTAMACHY footprints along the
ENVISAT ground track for the ray-matched footprint on the
far west side, which is shown in purple. This approach matches
the GEO VZA with the center SCTAMACHY footprint VZA.
The GEO VZA range across the footprint is ~2°, whereas
for SCIAMACHY, it is ~15°. Because the line that defines
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the cross track intersects the GEO subsatellite point, a nearly
exact solar and azimuthal geometry match between the two
instruments is ensured.

Any time the appropriate SCTAMACHY footprint center is
within 40 km (precise ray matching) of one of the four a priori
SCIAMACHY/GEO colocations, an average is computed using
the GEO radiances contained inside the SCTAMACHY foot-
print. The corresponding SCIAMACHY footprint hyperspec-
tral radiances convolved with the GEO SRF are also computed.
Each collocation is usually sampled within 15 min once or
twice per month owing to the 35-day ENVISAT ground track
repeat cycle. The SCTAMACHY nadir and limb scan-duty cycle
reduces the potential matches by half (see [16, Fig. 1]). These
cycles equate to less than 40 matches per year. Such few
matches cannot possibly resolve the temporal degradation of
the GEO visible sensor but serve only to validate postlaunch
calibration.

B. Approximate Ray Matching

A strategy to increase the number of ray-matched samples
is to broaden the boresight cone diameter. Relaxing the view
angle-matching cone allows multiple off-angle matching op-
portunities for each ground track intersect. Doelling et al.
[17] demonstrated that the Advanced Very High Resolution
Radiometer A.M. and P.M. satellite radiance pair regression
slopes based on SNO and off-nadir SNO radiances were rather
similar. When two polar orbiters scan in cross-track mode,
there are two lines of constant view angle pixels, which cross
at the ground track intersect. As long as the view angle is
less than 10°, the relative azimuthal angle difference is small
along the constant view angle line. The pixels were referred
to as the off-nadir SNO radiance pairs. The advantage of off-
nadir matches is the increase in radiance pairs, which usu-
ally decreases the uncertainty of the radiance pair regression.
Minnis et al. [5] successfully transferred the calibration from
one sensor to another using a ray-match cone within 15° for
both view and azimuth angles over a 50-km region. Follow-
ing that constraint, the ray-match cone radius was extended
to 160 km (approximate ray matching), which allows for
more ray-matched SCIAMACHY/GEO footprints along the
SCIAMACHY ground track. Up to 500 matches per year are
possible depending on the GEO imaging schedule, enough to
monitor the GEO visible sensor degradation seasonally.

To ensure that approximate ray matching does not intro-
duce any angular mismatch biases compared with precise
ray matching, the GEO radiances are first calibrated against
Aqua MODIS in order to remove any temporal trends of the
GEO sensor. If the SCTAMACHY/GEO radiance pair approx-
imate regression slope is nearly identical with the precise
ray-match slope, then the approximate ray matching is still
within tolerance and validated. The GEO imager counts were
first calibrated against Aqua MODIS using monthly regressed
ray-matched radiance pairs [5], [18] over the GEO equatorial
domain. A SBAF was applied to the GEO radiance to account
for the spectral band difference between the GEO and Aqua-
MODIS 0.65-pm visible bands as in [7]. Fig. 5 displays the
GEO and Aqua-MODIS SRFs used in this study. The GEO
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Fig. 5. SRF of the GEO and Aqua-MODIS data sets used in this study. The
Meteosat-8 and Meteosat-9 bands are similar. Band 1 is the 0.65-pm channel.
Band 2 is the 0.86-pm channel.

4-km nominal resolution imager data used in this study were
obtained from man computer interactive data access system
area files. The monthly slopes, or gains, were linearly regressed
in time to estimate the GEO sensor instrument degradation. The
GEO imager visible counts C' are converted to radiance L by

L= (Agld + go)(c - Co) (1)

where ¢, is the initial gain, Ag; is the linear term of the trend,
d denotes the days since launch, and C), is the offset count. The
Aqua-MODIS-based GEO imager intercalibration coefficients
used in this study are given in Table I. The associated temporal
[18] and SBAF [7] uncertainty of the calibration coefficients is
also given.

The temporal uncertainty is the standard error of the linear
regression of the monthly GEO gains over the data set time pe-
riod. The SBAF uncertainty is the standard error of the second-
order polynomial regression of the pseudo SCIAMACHY
MODIS and GEO SRF convolved radiances from all of the
SCIAMACHY footprints over the GEO/MODIS intercalibra-
tion domain. The domain is centered at the GEO subsatel-
lite location and bounded by 420° in latitude and £30° in
longitude. Only ocean surfaces are included in the domain
in order to reduce the spectral impact of the intercalibration.
Fig. 6 shows the SCTAMACHY radiances, convolved with the
GEO SRFs, against the Meteosat-9 0.65-um mean footprint
radiances during April 2007 through December 2010, along
with the respective force-fit regression for both the precise and
approximate methods. The number of precise and approximate
ray-matched pairs is 169 and 2292, respectively. This is a
factor of 13 more approximate ray-matched pairs than precise.
Table II shows that, for all the GEO imagers, the approximate
and precise force-fit (through the origin) regression slopes are
within 0.5%, well within the standard error of the regression of
~4.5%. The only exception is the Meteosat-9 high resolution
visible (HRV) band with a slope difference of 1%, which also
has the least amount of precise radiance pairs. This confirms
that the approximate ray-matched radiances maintain the re-
gression slope and uncertainty of the precise ray match, but
with the added benefit of providing an order of magnitude more
matches.
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TABLE 1
AQUA-MODIS/GEO RAY-MATCHED CALIBRATION COEFFICIENTS USED IN THIS STUDY
GEO 2, Dg, Count | dataset time Temporal SBAF
dataset 0 W""’:ﬁf UL ’;‘,;‘,' “ | offset period uncertainty | uncertainty
Jeount) Jeount/day) (%) (%)
MET-9 0.5462 | 0.057e-4 51 April 2007 to 0.96 0.28
0.65 pm Dec. 2010
MET-9 0.4192 | 0.070e-4 51 April 2007 to 1.91 4.85
0.86 pm Dec. 2010
MET-9 0.5560 | 0.067e-4 51 April 2007 to 0.67 1.42
HRYV Dec. 2010
MET-8 0.6235 | 0.107e-4 51 March 2004 to 0.54 0.31
0.65 pm April 2007
MET-8 0.4763 | 0.044e-4 51 March 2004 to 1.83 4.85
0.86 pm April 2007
GOES-11 | 0.4838 | 0.702e-4 | 29 June 2006 to 0.86 1.37
0.65 pm Dec. 2010
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Fig. 6. Regression scatter plot of the convolved SCIAMACHY radiance (with the Meteosat-9 0.65-pm SRF) against the mean Meteosat-9 radiance within the
SCIAMACHY footprint during April 2007 to December 2010. Both the (black line) linear regression and (red line) force fit for the (left panel) precise and

(right panel) approximate methods are shown.

TABLE 1II
SCIAMACHY/GEO FORCE-FIT (THROUGH THE ORIGIN) SLOPE AND
ASSOCIATED STANDARD ERROR AS A FUNCTION OF GEO SATELLITE
DATA SET. BOTH THE PRECISE AND APPROXIMATE VALUES ARE
GIVEN AS (PRECISE/APPROXIMATE) IN EACH COLUMN. THE FIRST
GEO DATA SET IS BASED ON SPECTRAL CLUSTER #24

GEO Dataset # SCIAMACHY/GEQ | Standard error
0.65pm force fit (%)
Met-9 Cluster #24 | 502/7401 0.993/0.991 4.5/5.1
Met-9 0.65 pm 169/2292 0.996/0.991 4.7/4.1
Met-9 0.86 pm 158/2212 0.983/0.978 4.4/4.0
Met-9 HRV 76/1082 0.998/0.988 5.9/5.0
Met-8 0.65 pm 114/1641 0.983/0.988 4.9/4.4
Met-8 0.86 pm 114/1641 0.999/1.004 4.5/4.2
GOES-11 0.65 pm | 84/1315 0.990/0.992 4.7/6.2

C. Limited Spectral Cluster Ray Matching

The SCIAMACHY nadir spectrum is divided into 56 wave-
length clusters, each with their own integration time. The inte-
gration time determines the cluster footprint spatial resolution.
Wavelengths important for trace-gas studies are assigned the
highest spatial resolution [19]. Cluster #24 has a spectral range
of 0.613 to 0.726 um at a 0.48-nm spectral resolution and was
extracted and calibrated using SCTAMACHY processing soft-
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—Met-9 Band 1
—Met-9 Band 1 (Cluster #24)

o}

10}

=

2

08¢ 1
o}

o

T 06} 1
©

@

a

D041 1
o

o}

N

© F J
g 0.2

<}

Z 9 . . . .

500 550 600 650 700 750 800
wavelength (nm)

Fig. 7. Meteosat-9 band 1 (0.65 pxm) SRF (red line) within the spectral range

of the spectral cluster #24 and (blue line) out of range.

ware. The SCIAMACHY footprint corresponding to spectral
cluster #24 is 30 x 60 km, with a swath width of 960 km. The
Meteosat-9 0.65-pym bandwidth is between the same spectral
bounds as mentioned earlier, except for a small portion of out-
of-band response as shown in Fig. 7. To account for the missing
energy not seen by SCIAMACHY cluster #24, a lost energy
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(Left panel) Regression scatter plot of the convolved SCIAMACHY radiance (with the Meteosat-9 0.65-p:m SRF) against the mean Meteosat-9 radiance

within the SCIAMACHY cluster footprint during April 2007 to December 2010. Both the (black line) linear regression and (red line) force fit are shown. (Right
panel) Annual Meteosat-9 0.65-pm to SCTAMACHY radiance correction factors between 2007 and 2011, shown with red circles.

adjustment factor (LEAF) is applied to the Meteosat-9 radiance
values. The LEAF is derived by averaging all of the 30 <240 km
footprint convolved radiances for the limited Meteosat-9
SRF (contained within the spectra of cluster #24) divided by
the full Meteosat-9 SRF convolved radiances. Footprints from
April 2007 through December 2010 are used to derive the
LEAF, which was found to have a value of 0.96.

Fig. 8 (left panel) displays the SCIAMACH Y-approximate-
cluster-derived Meteosat-9-SRF-convolved radiances paired
with the cluster-domain-averaged Meteosat-9 pixel-level radi-
ances. Table II displays the associated regression statistics.
The precise and approximate cluster force-fit slope is 0.2%,
ensuring that no angular biases are introduced using the ap-
proximate cluster method. The approximate cluster and large-
footprint force fits are nearly identical, indicating that the LEAF
accurately predicted the missing energy not captured by the
cluster spectrum. The cluster standard error, however, is 5.1%,
which is greater than the approximate standard error of 4.1%.
The LEAF on average corrected the radiances, but because it
is a single value, it adds noise to the regression. Nevertheless,
the cluster footprint has the advantage of having improved ray-
matching conditions, i.e., the SCTAMACHY VZA range is 4°,
rather than 15° for the full footprint.

IV. SCIAMACHY/GEO INTERCALIBRATION VALIDATION

If SCIAMACHY was perfectly calibrated against both
Aqua MODIS and GEO, where GEO was calibrated perfectly
with Aqua MODIS, then the ratio of the two intercalibra-
tions should equal 1.0. This validation will confirm that the
SCIAMACHY/GEQO intercalibration approach is robust if the
calibration ratio is within the uncertainty of the individual
satellite pair intercalibrations. The calibration validation rela-
tionship is

SCIA . Aqua
GEO SCIA

ratio =

(@)

where the y-axis variable in the radiance pair plot is indicated in
the numerator of the ratio. Using the SCIA/GEO approximate
force fit from Fig. 6(b) for the Meteosat-9 0.65-pm band and
the value of Aqua/SCIA, which is the inverse of the Aqua-
to-SCIAMACHY correction factor from Fig. 3, (2) yields the
ratio of 1.007 = 0.991 * [1/0.9844]. If the intercalibration was
perfect, the ratio would equal 1.00, and thus, the mean bias error
15 0.7%.

To place the bias in proper context, it is necessary to consider
the uncertainty in the estimate. The total uncertainty is the
square root of the sum of the squares of the uncertainties of
the individual terms. The standard error of the temporal linear
regression of the monthly slopes provides an estimate of the un-
certainty. The uncertainty of the Aqua/SCIA correction factor
is equal to the monthly standard deviation of 0.44% in Fig. 3.
The SCIAMACHY/GEO uncertainty is the standard deviation
of the annual regression force slopes based on the approximate
radiance pair matches as shown in Fig. 8 (right panel). The
annual cluster force fits have a standard deviation of 0.42%.
The Aqua/GEO uncertainties used to determine the GEO cal-
ibration are based on the calibration coefficients in Table I,
as derived following the approach using the temporal trend of
monthly calibration coefficients as in [18]. For Meteosat-9, the
Aqua/GEO uncertainty is 0.96%. Thus, the total uncertainty is
1.11%, indicating that the 0.7% bias in the three-way validation
is statistically no different from a 0.0% bias.

Table III lists the validation slopes and associated uncertain-
ties with and without the SBAF uncertainty for all the GEO
imagers evaluated in this study. All of the validation slopes
are within their respective uncertainties without using SBAF,
thus validating the SCIAMACHY/GEO intercalibration ap-
proach. This indicates the SCTAMACHY/GEO intercalibration
methodology is robust for nearly all cases. The only exception
is the Meteosat-8 0.86-pm band. The large uncertainties asso-
ciated with the 0.86-pm and HRV nearly broad-band channels,
which reside in the near IR wavelengths, are primarily due
to the larger uncertainty of the SBAFs. These results validate
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TABLE III
CALIBRATION VALIDATION TABLE. EQUATION (2) DEFINES THE RATIO.
THE VALIDATION TOTAL UNCERTAINTY IS BASED ON ALL THE
INDIVIDUAL TEMPORAL UNCERTAINTIES. UNDER THE VALIDATION
TOTAL COLUMN, THE LEFT UNCERTAINTY IS COMPUTED WITHOUT
SBAF, AND THE RIGHT IS COMPUTED WITH SBAF. THE FIRST
GEO DATA SET IS BASED ON SPECTRAL CLUSTER #24

GEO dataset SCIA/GEO | SCIA/Aqua Validation
slope | (%) | slope | (%) | ratio | Total (%)
MET-9 Cluster #24 | 0.991 | 0.42 | 0.984 | 0.44 | 1.007 | 1.14/1.17
MET-9 0.65pm 0.991] 035 {0984 | 0.44 | 1.007 | 1.11/1.14
Met-9 0.86pm 0.978 | 0.57 | 0.984 | 0.44 | 0.994 | 2.04/5.26
Met-9 HRV 0.988 | 0.78 | 0.984 | 0.44 | 1.004 | 1.12/1.81
MET-8 0.65pm 0.988 | 0.46 | 0.984 | 0.44 | 1.004 | 0.83/0.89
Met-8 0.86pm 1.004 ] 0.49 {0984 | 0.44 | 1.020 | 1.94/5.23
GOES-110.65pm [ 0993 | 0.72 1 0.984 | 0.44 | 1.009 | 1.20/1.82

the use of the SBAF in deriving the Aqua-MODIS/GEO ray-
matched intercalibration coefficients.

A. Operational SCIAMACHY/GEQO Intercalibration Validation

Two SCIAMACHY/GEO intercalibration methods are ca-
pable of monitoring the GEO degradation, the approximate
and the cluster ray-match technique. The SCIAMACHY/
Meteosat-9 approximate ray match provides ~150 radiance
pairs every three months. The number of cluster radiance pairs
is ~170 per month. On a monthly or quarterly basis, the
SCIAMACHY convolved Meteosat-9 SRF radiances were re-
gressed using a force fit through zero against the average
Meteosat-9 pixel-level raw counts, after subtracting off the
space count of 51, within the SCIAMACHY footprint. The
SCIAMACHY radiances were also scaled to the Aqua reference
calibration by dividing the SCIAMACHY radiances by 0.9844
(see Fig. 2). Fig. 9 shows the linear regression of the monthly
approximate (labeled Large in Fig. 9) and cluster force-fit
slopes. The standard errors are 0.56% and 0.52% for the ap-
proximate and cluster methods, respectively. Both methods had
a four-year average identical gain of 0.556.

Fig. 9 also includes results from the Terra- and Aqua-
MODIS/GEO ray matching, DCC, and Libyan Desert oper-
ational calibration procedures [18] for comparison with the
SCIAMACHY/GEO intercalibrations. All of the procedures
used Aqua MODIS as the calibration reference, and each pro-
cedure provides both temporal sensor degradation monitoring
and absolute calibration transfer based on the reference sensor.
Terra MODIS was radiometrically scaled to Aqua MODIS
based on [13]. The average Meteosat-9 four-year gains and
temporal standard errors are listed in Fig. 9 for all of the
methods. The four-year average gains are within 1% for all six
methods, verifying that, statistically, the SCTAMACHY radi-
ances are anchored temporally to the Aqua-MODIS radiance
calibration. The SCIAMACHY/GEO intercalibration provides
one of the lowest temporal uncertainties of all methods, which
was anticipated, given that this method accounts for the GEO
SREF differences. Also, the SCIAMACHY/GEO intercalibration
offers the opportunity to validate the SBAFs within an uncer-
tainty of ~0.5%.

V. CONCLUSION

This study examines the feasibility of using SCITAMACHY
large-footprint (30 km by 240 km) hyperspectral radiances
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Fig. 9. Meteosat-9 10-b count calibration gains derived from various methods
described in the text. The approximate large-footprint and approximate cluster
SCIAMACHY methods are labeled as Large and Cluster, respectively. All
calibration gains, including SCIAMACHY, use Aqua-MODIS band 1 as a
reference.

to intercalibrate GEO visible sensors. The SCIAMACHY/
GEO intercalibration technique will benefit the GSICS and
CLARREO visible calibration communities because, in the
event that a hyperspectral sensor dedicated to calibration be-
comes available, a validated technique will already be in place.

The temporal stability of SCIAMACHY was evaluated
against the calibration of Aqua-MODIS 0.65-pm using
NSNOs. It was found that the SCIAMACHY/Aqua-MODIS
monthly correction factors are within 0.44% with an associated
temporal trend of —0.2% per decade. The excellent agreement
is due to the fact that both sensors use the sun to monitor
their degradation. It was shown that SCTAMACHY can be
used as calibration reference, and thus, a SCIAMACHY/GEO
ray-match intercalibration technique was presented. Precise
SCIAMACHY/GEO ray matching resulted in few sampled
radiance pairs. The approximate ray-matching method allowed
for more radiance pairs over the lifetime of the satellite by
increasing the boresight cone diameter. It was found that the
calibration gain difference between the methods is ~0.5%, thus
assuring that the approximate ray-matched radiances did not
bias the calibration.

The technique was also applied to the smaller SCTAMACHY
cluster (30 x 60 km) limited spectra footprints. A LEAF was
applied to account for the reduced portion of the Meteosat-9
SRF that was contained within the cluster spectral range. The
cluster technique provided enough radiance pairs such that they
could then be regressed monthly in order to monitor the GEO
calibration.

The approximate SCIAMACHY/GEO intercalibration was
validated against the ratio of the Aqua-MODIS/GEO and



DOELLING et al.: INTERCALIBRATION OF GEOSTATIONARY VISIBLE IMAGERS

SCIAMACHY/Aqua-MODIS intercalibrations. The three-way
calibration validation indicated that the SCIAMACHY/GEO
intercalibration was within the uncertainty based on the
individual calibration uncertainties and thereby validated the
technique. The standard deviation of the approximate cluster
monthly Meteosat-9 0.65-pum monthly calibration gains over
four years is 0.51%, with a temporal trend of +1.7% per decade.
The corresponding approximate large-footprint three-monthly
standard deviation is 0.58%, with a temporal trend of 1.0% per
decade. This excellent agreement validates the SCTAMACHY-
cluster/GEO intercalibration technique. The Meteosat-9
0.65-um SCIAMACHY/GEO intercalibration was compared
with the Terra-MODIS, Aqua-MODIS ray-matching, deep
convective cloud, and Libyan Desert calibration methods.
The SCIAMACHY/GEO intercalibration was within 1% of
these other techniques and had one of the lowest temporal
standard errors of all methods. This technique allows the
opportunity to validate the Aqua-MODIS/GEO 0.65-pm
SBAF to improve upon the Terra- and Aqua-MODIS/GEO
ray-matching techniques.
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